Objective: To investigate the functional response of neural pathways associated with vestibular stimulation in patients with vestibular migraine (VM).
Vestibular migraine (VM) has been increasingly recognized as a frequent cause of episodic vertigo, affecting up to 1% of the general population, with female preponderance. 1 VM implies that vestibular symptoms are present during migraine without objectively demonstrated interictal vestibulopathy. 2, 3 Recently, both the Bárány Society and the Migraine Classification Subcommittee of the International Headache Society have proposed original diagnostic criteria for VM, 4 which have been included in the recent edition of the International Classification of Headache Disorders (ICHD-3 beta version). 5 Nevertheless, VM pathophysiology is still unclear and there is ongoing debate regarding whether its origin is principally central or peripheral. 6, 7 This ambiguity has not been resolved by electrophysiologic studies, which have produced conflicting results. 8, 9 The aim of the present study was to explore the functional response of vestibular neural pathways using whole-brain blood oxygen level-dependent (BOLD) fMRI during caloric vestibular stimulation 10, 11 in patients with VM and in healthy controls (HC). To examine the specificity of any observed differences between patients and HC, we further studied a group of ageand sex-matched patients with migraine without aura (MwoA). All patients were studied during an interictal period to avoid confounds associated with migraine attack. We hypothesized that cerebral regions involved in vestibular processing 6 would be differentially responsive between patients with VM and HC. We further hypothesized that neural dysfunction associated with vestibular stimulation would be present in patients with VM but not those with MwoA. METHODS Subjects and recruitment. Fifteen consecutive patients with VM, diagnosed according to the criteria of Lempert et al. 4 as well as the recently proposed ICHD-3 beta version, 5 were prospectively recruited from the population referring to the Audiology and Vestibology Unit of the Department of Neuroscience, University of Naples. Fifteen consecutive patients with episodic MwoA, according to International Headache Society criteria (ICHD-II) 12 as well as the recently proposed ICHD-3 beta version, 5 were prospectively recruited from the migraine population referring to the Headache Clinic of the Department of Neurology at the Second University of Naples. All patients with VM and MwoA were right-handed and did not report other neurologic, psychiatric, audiovestibular, or systemic disorders. To avoid any possible dizziness, migraine, or pharmacologically related interference on BOLD signal change, patients with VM and MwoA were both attack-free and had not taken medications for at least 3 days before the fMRI scan. Furthermore, they were not under any prophylactic regimen for migraine, vertigo, or dizziness. Patients with VM and MwoA were interviewed 3 days after the fMRI scan to ascertain that they were also migraine-free in the period after the experimental day. Of the enrolled patients, 2 with VM and one with MwoA were excluded for experiencing a migraine during this followup period. Moreover, fMRI data for one patient with VM and 2 patients with MwoA had to be excluded from analyses because of motion-related signal artifacts. Therefore, a total of 12 right-handed patients with VM (mean age 6 SD: 31.2 6 5.09 years, 7/5 females/ males) and 12 right-handed patients with MwoA (mean age 6 SD: 30.4 6 7.27 years, 7/5 females/males) were included in final fMRI analyses.
Demographic data and the following clinical characteristics were obtained from the patients: age at disease onset, disease duration, migraine frequency (days/month), duration of migraine attacks, and mean pain intensity of migraine attacks by a visual analog scale. Patients with VM and MwoA completed the Migraine Disability Assessment Scale and the Headache Impact Test-6. 13 Twelve age-and sex-matched, right-handed subjects (mean age 6 SD: 28.7 6 6.68 years, 7/5 females/males) without family history of migraine and without history of chronic pain, substance abuse, or neurologic, psychiatric, or systemic disorders were recruited as HC (see table 1 
for demographic and clinical features).
A few days before the fMRI experiment, an experienced neurotologist (V.M.), blinded to clinical diagnosis, performed an electronystagmography on all participants to exclude vestibular disorders and to verify that caloric stimulus induced vestibular nystagmus. All participants underwent preliminary MRI examination before entering the present study to exclude any structural abnormalities. In particular, no patients had visible T2-weighted hyperintensities in deep white matter.
Vestibular stimulation paradigm. Caloric vestibular stimulation was performed by irrigating the left ear with 5 mL of cold water (4°C) for 1.5 seconds. 10, 11 Before the fMRI scan, an experienced audiologist (V.C.) removed impacted earwax and cleaned subjects' ear canals. Water was injected by means of a syringe connected to a flexible plastic tube (4-mm outer diameter) expelled of any air and inserted at the meatus of the auditory canal, but not occluding the meatus itself. A valve controlled irrigation, and exiting water was collected in plastic bags. The head was immobilized by vacuum pads to minimize motion artifacts. Two fMRI scans were acquired for each participant: a stimulation and a control scan. During 1 of the 2 scans (stimulation scan), the short irrigation pulse was applied after a 60-second baseline period and followed by a 300-second poststimulus period. During the other scan (control scan), the tube was kept inserted in the auditory canal, but no caloric vestibular stimulation was applied for the entire run. Subjects were interviewed after the scan to report the subjective intensity of self-motion and other sensations induced by the caloric vestibular stimulation. Particularly, all subjects reported counterclockwise circular vection and illusory perception of left body tilt.
Standard protocol approvals, registrations, and patient consents. The experiments conformed to the principles of the Declaration of Helsinki and were approved by the ethics committee of the Second University of Naples. All participants provided informed written consent after the experimental procedure had been explained.
fMRI acquisition parameters. Whole-brain BOLD fMRI data were acquired on a 3T Signa scanner (General Electric, Milwaukee, WI) equipped with an 8-channel head coil. Functional images were obtained with gradient-echo echo-planar T2* sequence using BOLD contrast, each comprising a brain volume of 39 interleaved axial slices (in-plane resolution 3.00 3 3.00 mm, thickness 3 mm, no gap, repetition time 2 seconds, echo time 30 milliseconds, matrix size 64 3 64). Two scans of 180 volumes were acquired for each participant with the stimulus applied in 1 of the 2 scans as described above. Anatomical data were acquired by using a 3-dimensional fast spoiled gradient echo sequence with inversion recovery (sagittal orientation, repetition time 5 12.5 seconds, echo time 5 2.5 seconds, inversion time 5 700 milliseconds, in-plane resolution 5 0.9766 mm, acquisition matrix 5 256 3 256, slice thickness 5 1 mm and one average).
fMRI data analysis. Anatomical and functional data analysis was performed with BrainVoyager QX software (Brain Innovation, Maastricht, the Netherlands). Functional data were preprocessed using standard procedures: a slice time correction procedure was performed to correct for the problem that slices belonging to one functional volume are not acquired at the same instant. Then, motion artifacts were corrected with a slice-based algorithm, which shifts and rotates images until matching each image slice to the corresponding image slice of a reference volume, which was the first volume of the echo planar series. A linear trend removal was accomplished through fitting a line to the time course of each pixel using the least-squares standard method. To remove nonlinear drifts in the time series, a temporal high-pass filter of 3 cycles per time course was applied. Functional data were next realigned with T1 volumes by using iterative minimization techniques to find translation and rotation parameters, and warped into the standard anatomical space of Talairach and Tournoux. The resulting voxel time series were subjected to spatial smoothing using a 5-mm full-width at half-maximum isotropic gaussian kernel and then submitted to a general linear model (GLM) analysis as in a previous study. 11 There are typically 2 conventional GLM approaches used for modeling BOLD responses from event-related fMRI experiments. One approach assumes a fixed shape for the main GLM regressor, typically a 2-gamma function. 14 An alternative method called finite impulse response (FIR) [15] [16] [17] uses a set of "delta-pulse" or "stick" regressors that estimate the BOLD response at several time points after the stimulus onset, thereby each GLM regressor corresponds to a different hemodynamic delay. The FIR method is chosen to increase the flexibility of the GLM analysis when the exact shape of the actual BOLD response to the external stimulus is not precisely known in advance.
The event-related BOLD responses evoked by the caloric pulse were derived from these preprocessed data using a voxel-wise FIR GLM analysis. 15 The GLM design matrix included 20 hemodynamic delays, allowing a linear deconvolution of each voxel-time series within the first 40 seconds of the poststimulus response. A correction for serial correlations in the GLM error term was performed using a fit-refit GLM estimation procedure. 18 To generate the spatial pattern of evoked brain activity, we mapped the interval of delays between 4 and 8 seconds after the caloric vestibular stimulation. This choice was justified by the observation that conventional event-related hemodynamic response functions used in fMRI present their peak inside this interval, but note that the FIR model with 20 delays allowed for maximum flexibility of the initial GLM to detect effects with different durations of the evoked response, which would be manifest as different weightings of the BOLD latencies in the interval of interest compared with a standard hemodynamic response function. 18 For example, a plot of the group-averaged normalized BOLD time courses from 2 activated regions (insula and thalamus) in comparison to a typical double-gamma shape is shown in figure e-1 on the Neurology ® Web site at Neurology.org.
The GLM beta weights were estimated at the single-subject level for both the stimulation and control scans. The beta weights were summed and used in a voxel-wise 2-way analysis of variance with one within-subject factor (stimulation vs control) and one between-subject factor with 3 group levels (VM, HC, and MwoA). From this 2-way analysis of variance, we calculated the linear contrasts expressing main effects of stimulation across participants and differential responses between groups. The resulting t-statistic maps were initially thresholded at p 5 0.001 (uncorrected). Then, to correct for multiple comparisons over the whole brain, a minimum cluster size threshold was determined via Monte Carlo simulations to protect against false-positives at a threshold of p , 0.05. 19, 20 Furthermore, for regions showing statistically significant differences between groups, we estimated the average magnitude of the event-related BOLD signal change as the maximum percent signal change in each patient with VM and used this parameter in a correlation analysis with the clinical features of migraine.
RESULTS Subjective report. After the experimental session, all subjects reported vestibular sensation (counterclockwise circular vection and illusory perception of left body tilt), but no one reported pain, nausea, sweating, or emotional discomfort. The referred vestibular sensation allowed us to verify that the vestibular system had been properly stimulated in all migrainous patients and HC.
fMRI. In all subjects, caloric vestibular stimulation elicited a statistically significant activation in bilateral insular cortex (right . left), right parietal cortex, right thalamus, brainstem (including periaqueductal gray), and cerebellum. Moreover, a significant BOLD signal decrease was observed in the left anterior cingulate cortex (p , 0.05, cluster corrected; see figure 1 and table 2 for further details). The main effects of vestibular stimulation were statistically significant (cluster size .601 mm 3 , cluster corrected at p , 0.05) in all these regions even when the groups were examined separately, with the sole exception of the negative effect in the anterior cingulate cortex, which was not significant in the HC group and the positive effect in the parietal cortex, which was not significant in the MwoA group (see table  2 for Talairach coordinates and statistical significances). The between-groups analysis revealed a divergent response in the thalamus ( figure 2A) , specifically in the left mediodorsal nucleus 21, 22 (see table 2 for Talairach coordinates) (p , 0.001, cluster size .405 mm 3 , cluster corrected at p , 0.05). Post hoc t tests revealed that activity in this thalamic cluster was significantly increased in patients with VM relative to both patients with MwoA and HC (patients with VM: 0.37 6 0.31; patients with MwoA: 20.07 6 0.16; HC: 20.05 6 0.38; p 5 0.001) ( figure 2B ). There were no significant BOLD response differences between patients with MwoA and HC and between all migraineurs (as a group) and controls.
Secondary analyses revealed a positive correlation between the magnitude of BOLD signal change in this left mediodorsal thalamic cluster and frequency of migraine (days of attacks/month) in patients with VM (r 5 0.65; p 5 0.02) ( figure 2C ). No significant correlations were found between other clinical features of migraine (e.g., disease duration, mean pain intensity of migraine attacks, migraine disability) and this left thalamic activation activity. DISCUSSION Consistent with prior research, we found that vestibular stimulation activates cortical and subcortical areas, known to be involved in central vestibular processing, [23] [24] [25] [26] [27] in both hemispheres with a preponderance of activation in the hemisphere contralateral to the site of stimulation. While all participants demonstrated this general pattern of response, patients with VM showed a significantly increased left mediodorsal thalamic activation in response to an ipsilateral vestibular stimulation, relative to both HC and patients with MwoA. Furthermore, the magnitude of left thalamic activation was uniquely correlated with frequency of migraine attacks in patients with VM. In the last decades, several studies have attempted to identify the electrophysiologic markers that could allow a distinction between VM and other vestibular disorders. For example, a 3-dimensional video-oculography study 8 has demonstrated pathologic nystagmus in 70% of patients during VM attacks, revealing a central dysfunction in 50% and a peripheral dysfunction in 15% of patients with VM. However, the site of dysfunction could not be determined in the remaining patients. A recent study has suggested that a central-type positional nystagmus may help distinguish VM from peripheral vestibular disorders, even in the interictal phase. 9 Nevertheless, despite this growing body of literature, VM does not appear to be characterized by a consistent electrophysiologic pattern with clear-cut discriminating characteristics. To our knowledge, no fMRI studies have been conducted in patients with VM, although functional imaging had a seminal role in elucidating the functional brain network involved in central vestibular processing, which encompasses temporoinsular and parietal cortices, brainstem, cerebellum, and basal ganglia. [23] [24] [25] [26] [27] A consistent asymmetric functional response was observed in these brain regions and found to be dependent on age and handedness of subjects as well as side and typology of vestibular stimulation. 27 The engagement of thalamus has also been consistently reported in fMRI studies exploring central vestibular processing. 10, 11 More precisely, 2 independent studies 28, 29 have demonstrated medial/ paramedian thalamic nuclei involvement during vestibular galvanic stimulation. In line with these data, we observed a differentially increased response of left mediodorsal thalamus in patients with VM. This finding is consistent with an increased medial thalamus metabolism observed in a recent [ 18 F]fluorodeoxyglucose-PET report on 2 patients with VM. 30 The mechanisms underlying an abnormal thalamic response by vestibular caloric stimulation in patients with VM are currently unknown. However, the thalamus is a key structure in transmitting sensory input from the brainstem to the cortex and signal perception depends on modulating effects of this gate. Specifically, the thalamus exerts a pivotal function in pain processing and cortical excitability control. 31 The role of mediodorsal thalamus in VM pathophysiology could reflect the involvement of a dysfunctional vestibulo-thalamocortical network, which overlaps with the migraine circuit. 6 Indeed, thalamocortical processing is implicated in the cognitive-behavioral component as well as in sensorimotor integration and interoception secondary to vestibular, visual, proprioceptive, and somatosensory afferent inputs. 7 However, electrophysiologic studies indicate that migraine can be characterized interictally by an altered rhythmic activity between thalamus and cortex, leading to an abnormal information processing. 32 In addition, several studies have documented both structural 33, 34 and functional 22, 31, 34 thalamic abnormalities in patients with migraine, supporting its role in active control on pain perception through top-down influences on midbrain structures. 35 Otherwise, the sensitization of thalamic neurons could be involved in the transformation of localized migraine headache into multimodal allodynia and hyperalgesia. 22 We hypothesize that the observed altered thalamic activation in patients with VM during vestibular caloric stimulation could reflect an interictal underlying hyperresponsiveness to external stimuli due to abnormal resting intrathalamic inhibition that might have a role during VM attacks as well. This phenomenon might reflect an ictal thalamic involvement either through an evident (aura) or silent (without aura) cortical spreading depression or, more likely, through an indirect activation of pain modulatory structures in both brainstem and forebrain. 36 Our hypothesis is further supported by our secondary analyses revealing a positive correlation between mediodorsal thalamic activation and frequency of attacks in patients with VM but not MwoA. Therefore, our findings are consistent with the current view of VM as a migraine subtype clinically characterized by vestibular symptoms 7 and support the hypothesis that this disorder may be correlated with a dysfunctional vestibulo-thalamocortical processing. Our study is not without limitations. First, our small sample size, reflecting the low lifetime prevalence of VM as well as the challenges of conducting vestibular stimulation during fMRI, may limit our ability to detect significant effects and increases risk for type I error. However, our results survived correction for multiple comparisons, which offers some protection against false-positives. Nevertheless, independent replication of our observations is warranted. Second, we did not consider the cognitive modulation of vestibular information processing (such as expectation of caloric vestibular stimulation). Recent studies, however, have shown that response to vestibular perturbation seems to be immune to expectation, contrary to responses following visual perturbation. 37, 38 Finally, we did not use an MRIcompatible videocamera to record eye movements and identify the slow phase of inhibitory nystagmus. However, it is well known that caloric stimulation with cold water inhibits semicircular canal activity in the irrigated ear, resulting in a stereotyped vestibular nystagmus contralateral to the irrigated ear. These limitations notwithstanding, our study provides novel evidence for abnormal central vestibular processing in patients with VM during an interictal period.
